Abstract. Four oceanographic moorings were deployed in the South China Sea from April 2005 to June 2006 along a transect extending from the Batanes Province, Philippines in the Luzon Strait to just north of Dong-Sha Island on the Chinese continental slope. The purpose of the array was to observe and track large-amplitude nonlinear internal waves (NIWs) from generation to shoaling over the course of one full year. The basin and slope moorings observed velocity, temperature (T ) and salinity (S) at 1-3 min intervals to observe the waves without aliasing. The Luzon mooring observed velocity at 15 min and T and S at 3 min, primarily to resolve the tidal forcing in the strait.
Most of the features of the wave arrivals can be explained by the tidal variability in the Luzon Strait. The nearbottom tidal currents in the Luzon Strait were characterized by a large fortnightly envelope, large diurnal inequality, and stronger ebb (towards the Pacific) than flood tides. Within about ±4 days of spring tide, when currents exceeded 71 cm s −1 , the ebb tides generated high-frequency motions immediately that evolved into well-developed NIWs by the time they reached mooring B1 in the deep basin. These waves formed diurnally and correspond to the a-waves described by previous authors. Also near spring tide, the weaker flood tides formed NIWs which took longer/further to form, usually not until they reached mooring S7 on the upper continental slope. These waves tracked the semidiurnal tide and correspond to the b-waves described by previous authors. These patterns were consistent from March to November. During December-February, the structure of the barotropic tide was unchanged, so the lack of waves during this time is attributed to the deep surface mixed layer and weaker stratification along the propagation path in winter.
Introduction
Nonlinear internal waves (hereafter NIWs) are now known to be ubiquitous in the world ocean (Global Ocean Associates, 2004) . They are important due to their large contribution to energy transport and dissipation (Lien et al., 2005) , the forces exerted on offshore structures (Ebbesmeyer et al., 1991; Bole et al., 1994) , and their military impacts with regard to submarine navigation and acoustic propagation Duda et al., 2004a) . Internal tides are generated primarily by the interaction of the barotropic tide with abrupt topography, either in the form of the continental shelf break (Apel et al., 1997; Colosi et al., 2001) or over sills and around islands in straits (Farmer and Smith, 1980; Farmer and Armi, 1988; Armi and Farmer, 1988) . When conditions are favorable, the internal tide steepens and becomes more nonlinear, ultimately spawning packets of high-frequency internal solitary waves (hereafter ISWs). Two generating mechanisms are most commonly cited for the ISWs: 1) Lee waves, in the form of a strong depression of the thermocline, are trapped in the lee of a ridge on ebb tide and are released when the tide turns. The waves rapidly steepen and form ISWs as the bulge propagates in the direction of the flood tide (Maxworthy, 1979; Turner, 1973; Apel et al., 1985; Vlasenko and Alpers, 2005) . If the flow across the ridge is hydraulically supercritical, the lee wave is replaced by a hydraulic jump in the lee of the ridge, with similar effect when the tide turns. Supercritical flows over a sill may also generate upstream ISWs (Cummins et al., 2003) . 2) Internal tidal energy, initially in the form of vertically propagating beams, is trapped in the main thermocline by reflection and refraction (Akylas et al., 2007; Shaw et al., 2009; Buijsman et al., 2010a) . The waves become increasingly 2-D and steepen downstream, ultimately forming ISWs when the particle speeds exceed the free wave propagation speed. Both processes are closely related to the strength of the tidal flow and the stratification at the generating site. The processes may not be mutually exclusive, with both making a contribution to the wave generation problem. These theoretical ideas have been nicely summarized recently in (Helfrich and Melville, 2006) .
One location where ISWs are particularly clear and energetic is the northeastern South China Sea. Both synthetic aperture radar (Liu et al., 1998 Hsu and Liu, 2000) and ocean color (Kao et al., 2007) images have shown well-defined fields of ISWs propagating WNW across the sea from west of Luzon Strait to the Chinese continental shelf. The radar data reveal that the ISWs are depression waves in the open sea, changing to elevation waves in depths less than about 120-150 m on the continental shelf (Hsu and Liu, 2000) . Most of the waves fit the expected surface signatures for mode-1 waves, but mode-2 waves have also been observed occasionally (Yang et al., , 2009 ). The collective sea surface imagery suggests a few curious features. First, there seems to be a distinct lack of eastwardpropagating waves on the Pacific side of the Luzon Ridge. This has recently been attributed to asymmetries in the tidal flux, thermal structure, and bottom topography across the ridge (Buijsman et al., 2010b) although observations on the Pacific side are lacking. Second, westward-propagating features generally do not appear in the surface imagery until a point west of the western (Heng-Chun) Ridge. This suggests that the Heng-Chun Ridge plays some role in the wave generation process. While this may be the case (Chao et al., 2007; Buijsman et al., 2010b) others have successfully modeled this result without the presence of a western ridge (Shaw et al., 2009; Zhang, 2010) . Both show that the nonlinear internal tide requires a finite time to steepen to the point where ISWs develop on the leading edge of the bore, at a distance which approximately coincides with the location west of the Heng-Chun Ridge where the surface signatures first appear. Again, in-situ observations sufficient to support these theoretical studies have been lacking.
Detailed observations of the ISW arrivals on the Chinese continental shelf over a full spring/neap tidal cycle were provided by the Asian Seas International Acoustics Experiment (ASIAEX), a cooperative experiment between the US and Taiwan (Ramp et al., 2003 Orr and Mignerey, 2003; Duda et al., 2004b) . Thermocline displacements exceeding 150 m which caused temperature changes at 100 m depth exceeding 8 • C were observed during the spring tides. The orbital velocities in the waves exceeded 150 cm s −1 with vertical velocities exceeding 50 cm s −1 . Histograms of the wave phase speed and propagation direction showed that the largest and fastest waves were all traveling WNW towards 282 • N with speeds of around 150 cm s −1 . This direction traces back directly to the center of the Luzon Strait, suggesting that the waves originated there, where the barotropic to baroclinic energy conversion is among the largest in the world (Niwa and Hibiya, 2004; H. Simmons, personal communication, 2009 ). The ASIAEX results were limited however by the experiment's short duration (April 2001) and the complete lack of any observations in the deep basin or at the supposed generation site. Comparing the wave arrivals lagged back to the theoretical (modeled) Luzon Strait tide suggested correlation with the spring/neap tidal cycle in the strait, but individual waves could not be attributed to a specific beat of the theoretical tide. In a subsequent re-analysis of the same data set, other authors found that the waves were likely released from the Luzon Strait on the westward (flood) tide (Zhao and Alford, 2006) . However, their analysis suffered from the same lack of observations as the original work, and used theoretical estimates for both the propagation speed of the waves and the beat of the tidal currents in the Luzon Strait. An error of only about 3% (10 cm s −1 ) in the propagation speed over 475 km from S7 to Luzon would be sufficient to cause the generation time to jump 6 h from a flood peak to an ebb peak. Given further that the precise location of the generation site was unknown, and that the model tidal currents were unverified, their determination of the phase relation between the barotropic tide and the release of the ISWs in Luzon Strait must be regarded as tentative.
Tantalized by the intriguing results from April 2001, the US Office of Naval Research (ONR) and the National Science Council (NSC) of Taiwan resolved to obtain a full year's worth of moored observations spanning the entire South China Sea from the Luzon Ridge to the Chinese continental slope. Called the Windy Islands Soliton Experiment (WISE, after the loose translation "home of the winds" for the Batanes Province, Philippines) by the US and Variation Around the Northern South China Sea high-resolution observations of temperature (T ), salinity (S), and velocity (u, v) at all four sites allowed unambiguous wave characterization and tracking between moorings. CTD transects conducted every three months observed the seasonal variation of the stratification along the propagation path. The rest of this manuscript describes the results from this program, with special attention placed on understanding the wave arrival patterns at each of the moorings across the sea over the course of the four seasons. The data and methods are described next, followed by the results, discussion, and conclusions.
Data and methods
The four moorings were deployed in water depths of 350 m (S7), 2460 m (B1), 3300 m (B2), and 460 m (L1) from west to east, respectively (Fig. 1 ). Mooring S7 (Fig. 1) could be described as an upper continental slope location and was at the same location as mooring S7 during the ASIAEX 2001 experiment. Moorings B1 and B2 were located in the deep basin away from abrupt topography. Mooring L1 was located on the side of a seamount in the channel between Batan and Itbayat Islands in the Luzon Strait. These islands are located on the Luzon Ridge, the more eastern of the two primary ridges in the Luzon Strait. While not optimal, the L1 location was dictated by the depth limitation (500 m) of the instrumentation available and could not be located on the sill (735 m) between the islands. The primary goal of L1 in any case was to observe the barotropic component of the tide, rather than any NIW motions. Toward that end, an upward-looking 300 kHz ADCP mounted in a cage 4 m off the bottom sampled 4-m bins every 15 min from 25 April until 28 October 2005, and then again from 28 October until the batteries expired on 11 May 2006. Additionally, the mooring also supported two temperature-conductivitypressure (TCP) recorders and three temperature-pressure (TP) recorders. These instruments sampled at 3-min intervals for two months, with some programmed to start recording two and four months into the deployment so that a threeminute time series could be obtained for 6 months. These instruments provided some indication of the high-frequency variability near the mooring which turned out to be quite useful. The pressure sensors on these instruments mostly recorded mooring motion, however the deepest pressure sensor mounted on the acoustic release with minimal motion sampled a pressure record that was well correlated with a tide gauge deployed at Basco Pier, located about 10 km away in the capital city of the Batanes Province on Batan Island.
The basin and slope moorings required 1-min sampling to avoid aliasing the high frequency motions of interest. This dictated using four 3-month deployments to obtain a full year's worth of data due to battery life and internal memory constraints. Using lessons learned from the ASIAEX program, mooring S7 used double steel spheres at the top and a 4000 lb anchor to reduce mooring blow-down when the ISWs passed by. Velocity was sampled via a cage mounted, upward-looking 300 kHz ADCP at 103 m depth, and three conventional ducted-paddlewheel and vane current meters The basin moorings were a logistical challenge due to their length and the strong currents experienced from the internal waves, internal tides, and occasionally the mesoscale circulation. At mooring B1, the upward-looking 300 kHz ADCP was mounted in a 49 syntactic foam sphere at 100 m depth, and a second very large (64 ) sphere at 760 m depth provided additional buoyancy. A hard plastic fairing was attached to the jacketed wire rope in the upper water column to reduce drag. Heavy biofouling on this substrate during the first deployment likely made the situation worse, but there was subsequently no biofouling at all during the remaining three deployments. Two TCP and eight TP recorders spread out along the mooring line observed the temperature and salinity displacements. The locations and time histories of these and all other instruments in the experiment are summarized in Table 1 .
Mooring B2 was maintained by Taiwan and used a 150 kHz ADCP mounted in the top sphere at 250 m for the first two three-month deployments to reduce exposure to the strong currents in the upper ocean. Five TP recorders were deployed between 265 and 800 m to observe the stratification. The rest of the mooring below 800 m consisted of double-plaited nylon line and distributed buoyancy. For the second half of the experiment, the ADCP at 250 m was replaced by a 75 kHz ADCP at 500 m, with two TP recorders at 550 m and 650 m. The performance of these instruments is also shown in Table 1 . During all five deployment and recovery cruises, CTD stations were conducted from the research vessel OCEAN RESEARCHER 1, owned and operated by National Taiwan University. The instrument was lowered at 60 m/min through the upper 500 m and 100 m/min thereafter. The primary purpose of the CTD stations was to allow computation of the linear wave speed across the basin. The sections also revealed the position of the Kuroshio intrusion and several large mesoscale eddies, and described the seasonal variability of the surface mixed layer and thermocline depth. The latter two features turned out to be quite important to understanding the seasonal variability of the high-frequency internal wave field in the northeastern South China Sea.
Results

Wave properties
The evolution of the NIWs from east to west is first discussed referencing the temperature and velocity signatures of some prototypical wave forms as they passed moorings B2, B1, and S7 (Fig. 2) . The waves shown are a typical example from 17-19 November 2005, near spring tide. These waves were similar in form and evolution to waves observed at other times during March-November. This description focuses on wave evolution during westward propagation: The issue of wave generation will be discussed subsequently. At B2, located just west of the Heng-Chun Ridge, the waves were indistinct in both temperature and velocity and resembled a nonlinear internal tide more than a soliton. The broad thermal depression from 12:00-13:00 on 17 November was accompanied by a westward upper layer velocity exceeding 100 cm s −1 . The wave took about an hour to pass by the mooring. An energetic but incoherent internal wave field was visible in the temperature plot, but not in the velocity plot, possibly due to the lower resolution and broad sampling swath of the 75 kHz ADCP. This may also be due to beam spreading of the ADCP relative to the geophysical wavelength being observed, especially in the layers most distant from the transducer heads (Scotti et al., 2005) . There was no recognizable high-frequency wave on the previous tidal beat spanning 01:00-03:00.
By the time it reached mooring B1, the nonlinear internal tide had developed into two very clear high-frequency nonlinear internal waves (middle panel). The first (second) waves took 20 (18) min to pass the mooring and 70 min elapsed between them. While only the top 500 m in temperature is plotted for clarity, many of the lead (or solitary) waves actually displaced the isotherms all the way to the bottom (Fig. 3) . This leaves little doubt that the waves interacted with the bottom between B1 and S7. The maximum westward velocities were coincident with the maximum thermal displacements and reached 150 cm s −1 in the lead wave. Since this velocity plot shows only the upper 120 m, only the westward (upper layer) velocities are evident. A new feature appeared at B1 between 1600-1800 in both velocity and temperature. These features coincide temporally with the weaker beat of the tide between 0100-0300 at mooring B2. This feature now resembled a nonlinear tide and represents the beginnings of the second NIW which appeared subsequently at mooring S7.
Upon arrival at mooring S7, the disturbances observed at B1 had morphed into five NIWs with clear signatures in both temperature and velocity (bottom panel). Four of these waves evolved from the original group of two at B1, and the fifth represents the nonlinear evolution of the weaker tidal beat, which appeared only as a tide at B1. In keeping with earlier work these waves have been labeled with a lower case a and b to denote the a-waves and b-waves they described. The two largest waves a1 and a2 dispersed slightly, consistent with the larger amplitude a1 wave traveling about 6% faster than the smaller a2 wave. This is approximately consistent with the nonlinear (KdV) theory. A new wave labeled a1 also appeared at S7, located between a1 and a2. This wave was likely spawned by the lead wave a1 as it shoaled from 2465 to 350 m depth, as there were many other examples of this in the record when the lead wave was large. The origin of the a3 wave is unknown: it could have evolved from one of the smaller thermal displacements evident at B1, might be due to alongcrest variability, or might have propagated into view from elsewhere due to 3-D effects. The b1 wave however clearly evolved from the weaker beat of the tide as observed at B1. All these waves at S7 were mode-1 waves with a first crossing (zero-point) located at around 130-140 m depth. The wave velocities above this point were westward with an eastward return flow below. The westward velocities again approached 150 cm s −1 while the deeper currents towards the east maxed out at around 100 cm s −1 .
Additional context for these waves can be found by close examination of a representative fortnightly cycle of wave arrivals from November 2005 (Fig. 4) . Relative to the rest of the year, these waves were about average in amplitude and displayed typical patterns for the wave arrivals. In this figure, the daily temperature contours are displayed side-by-side for moorings B1 and S7, offset by one day so that the same wave is shown in each horizontal panel of the figure. While the closely related issues of propagation speed and travel time are taken up in greater detail subsequently, for this figure it suffices to know that the travel time for each wave from B1 to S7 was approximately 15 h (136 km at 2.5 m s −1 ). Thus, there is no ambiguity in terms of which wave at B1 resulted in the corresponding wave packets at S7. Working from the top of the plot to the bottom shows how the wave field evolved from neap tide to spring tide and back to neap tide again. Describing first the arrival patterns at B1, there were no waves at all observed during 11-12 November. Starting on 13 November, the strongest waves arrived diurnally like clockwork at B1 at about 02:00 every day. The first hint of a wave appeared on 13 November, grew stronger on 14-15 November, and was then followed by several very large waves arriving during 16-21 November. During this time the waves were usually observed as packets of two with little variation in amplitude from day to day. On the morning of 22 November, the waves disappeared once again, ending the fortnightly cycle. The sudden appearance and disappearance of the waves suggests some critical condition at the generation site which must be met to generate and sustain the waves, an idea which is revisited again in the discussion section. Starting at 14:30 on 15 November and arriving 55 min later each day, there was a second, much weaker "bump" in the isotherms that indicated a nonlinear internal tide, but no well defined NIW appeared on the weaker tidal beat at the B1 location.
The upstream conditions at B1 resulted in a profusion of wave arrivals by the time the waves reached site S7 (Fig. 4, left panel) . When the initial conditions were very weak, at or near neap tide, no NIW ever formed even at S7, as for instance on 12-13 and 22-23 November (top and bottom panel, respectively). Features which resembled nonlinear tides at B1, such as the a-wave on 13-14 November and the b-waves during 15-21 November, became welldeveloped NIWs at S7. Waves which were already well developed at B1 became multi-wave packets at S7. The awave arrivals at S7 were still diurnal but with slightly more variation in arrival time than at site B1. The larger waves generated closer to the spring tide during 17-22 November arrived at S7 about 1-2 h earlier than the three previous days. This order 5% change in propagation speed could be attributed to their greater nonlinear wave amplitude, but might also be due to the mesoscale circulation advancing or retarding the wave arrivals. The b-wave arrivals were delayed each day approximately consistent with the semidiurnal tidal progression, and consisted of just one or two waves per packet. The b-wave amplitude at S7 however was often just as large as the leading a-waves.
Propagation speed
To further characterize the propagation speed of the NIWs, individual waves (or nonlinear internal tidal peaks which ultimately became waves) were tracked between moorings using a cross-correlation method. The clearest wave signal was actually observed in the pressure time series, using the large increase which occurred when the mooring was blown down each time a large NIW passed by. As such, the pressure signal was a proxy for velocity, but acted as a natural filter and produced a cleaner signal with a higher signal-to-noise ratio. Large internal solitary waves pushed the mooring down a lot, whereas random linear internal wave activity with shorter vertical correlation scales pushed it down very little. Very similar results were obtained by correlating temperature fluctuations at a standard depth. The procedure used was to subset 1-day windows around each wave peak and slide the two time series (B2 and B1, then B1 and S7) until the maximum correlation was reached. This time lag produced the time necessary for the wave to propagate between the two moorings. As a sanity check, each result was visually inspected by an expert to be sure the computer was not correlating with some incorrect or spurious peak. Only clear results were kept: With so many realizations to use over the 13-month time series, any doubtful or marginal peaks were simply thrown out and not used in the results presented.
The wave propagation speeds are presented in two ways, as a function of time and also as a function of the nonlinear wave amplitude (Fig. 5) . The amplitudes were computed as the displacement of the 22 • C isotherm at S7 and the 15 • C isotherm at B1 as the waves passed each mooring. The mean speeds were 323±31 cm s −1 in the deep basin and 222±18 cm s −1 over the slope, consistent with previous observations (Alford et al., 2010; Klymak et al., 2006) . The large offset between the B2 to B1 speeds and B1 to S7 was primarily due to the changing bottom depth. Moorings B2 and B1 were both in the deep basin where the bottom depth decreased gently from 3300 to 2465 m, whereas the bottom shoaled from 2465 to 350 m between B1 and S7. Aside from this offset there are several other features of note. At both locations, the propagation speed of the waves increased with the seasonal stratification during the spring and summer and then decreased during the winter when the mixed layer deepened and stratification weakened. From B1 to S7, propagation speed was a weak function of nonlinear wave amplitude, according to the equation
Thus, 120 m waves were 5% faster than 40 m waves, approximately consistent with similar waves observed in the Sulu Sea (Apel et al., 1985) . Interestingly, the propagation speed vs. nonlinear wave amplitude curves for B2 to B1 were statistically flat, indicating no relationship between amplitude and propagation speed in deep water. This is perhaps because the waves at B2 were not yet steep enough to display a clear relationship between propagation speed and nonlinear wave amplitude.
Also shown on the figure are triangles indicating the linear phase speed for the mode-1 waves, computed using the CTD data for each of the five deployment/recovery cruises. The mode-1 phase speeds were computed for each CTD station (Fig. 1) as a solution to the Sturm-Liouville equation governing the vertical motions in a non-rotating, hydrostatic, zero-shear fluid with wave frequency much higher than the inertial frequency (Apel et al., 1985 (Apel et al., , 1997 Alford et al., 2010) .
Subject to the boundary conditions
The theory further suggests that the linear and nonlinear phase speeds for each mode are related by:
where C n is the nonlinear (KdV) phase speed, c n is the linear phase speed, η is the nonlinear wave amplitude, α depends on the stratification, and n is the mode number. The linear phase speeds shown in Fig. 5 for each season were computed as the weighted average of the mode-1 speeds between each mooring pair, calculated using all available CTD data between the moorings. The annual changes in the linear phase speeds thus computed were small, ranging from 260-277 cm s −1 in the deep basin and 191 to 209 cm s −1 over the continental slope. The computed speeds showed the same weak trends as the data, i.e. increasing with the stratification from May to August and decreasing from August to November. The linear mode-1 phase speeds were 11-20% slower than suggested by the observed wave travel times from B2 to B1 and 9-23% slower from B1 to S7. This is consistent with earlier observations (Alford et al., 2010) and the theory described above.
Seasonal variation of wave arrivals
Since the best continuous time series of wave arrivals was obtained at mooring B1, these data were used to document the amplitude, wave current speed and wave direction for all the waves observed from April 2005 through June 2006 (Fig. 6) . The waves generally arrived in clusters every 14 days, centered around the time of the spring tide in the Luzon Strait, lagged the appropriate time (33 h) required to travel the 347 km from mooring L1 to B1 (demonstrated below). Both the speed and the amplitude, which are expected to co-vary, increased steadily from 
282-288
• N. The a-waves and b-waves were classified by careful inspection of the data, aka Fig. 4 . On average, the a-waves were 11 m larger, 8 cm s −1 faster, and angled 6 • further towards the north than the b-waves at site B1.
Histograms of wave speed and direction were constructed for moorings S7 and B1 using the high-pass filtered velocity data for the entire record (Fig. 7) . Direction was determined as the direction of the upper layer velocity, whose speed was calculated as the vector sum of the u-and v-components. The primary wave direction at S7 was towards the WNW or 282 • N, similar to the same location during spring 2001 (also 282 • ) . The direction histograms were remarkably similar at B1, towards 288 • N for the a-waves and 282 • N for the b-waves. Neither site shows any hint of large reflected waves going the opposite direction: The waves must instead be refracted along the gradual continental slope. A computation of the internal wave ray slope indicates that it is always shallower than the local continental slope, leading to forward scattering only. The wave current speed histograms at B1 and S7 were remarkably similar. The most common upper layer orbital velocities were in the 30-35 cm s −1 range, with maxima just over 100 cm s −1 .
An important result is the distinct absence of waves during the winter, from December 2005 to February 2006. To understand this result, the thermal stratification and number of NIW occurrences were compared for 20-30 June, 2005 and 7-07 February 2006 (Fig. 8) . Both time periods were centered on a spring tide. During the summer, the June picture (left panel) is entirely consistent with Figure 4 showing large diurnal NIW arrivals at B1 and both diurnal and semidiurnal packets arriving at S7. During February however, when the tidal forcing in the Luzon Strait was similar, a vigorous internal tide persisted but no NIWs were observed passing B1 or S7. A significant difference between the two panels is the surface mixed layer depth (MLD), which was less than 50 m in summer but greater than 100 m in winter. Despite the low latitude, the sea surface temperature exhibited an 8 • seasonal change from just over 30 • in summer to about 22 • in winter. This cooling in addition to the increased wind stress during the winter monsoon fosters the deeper MLD in winter.
The effects of the bottom slope, local Froude number (F ), stratification, and MLD in the northern South China Sea have been investigated for idealized ocean conditions using a nonhydrostatic numerical model (Shaw et al., 2009) . They found that the conditions necessary for NIW generation were a critical ray path slope at the generation site, sufficiently strong barotropic tidal flow across the ridge (F close to 1), and a shallow thermocline and surface mixed layer to trap the wave energy into two dimensions and foster NIW formation. At Mooring L1 (discussed in greater detail below) the barotropic tide varied little by season and was perhaps even slightly stronger in winter, thus the lack of NIW in winter cannot be attributed to changes in the barotropic tide. This leaves changes to the stratification as the likely cause. Figure 8 shows little seasonal change to the stratification at ridge height (730 m) however there was obvious variation in the upper ocean. The deep winter mixed layer (right panel) completely wiped out the shallow seasonal thermocline from the summer (left panel). We therefore attribute the lack of NIWS in winter to the formation of the deep winter mixed layer, in keeping with the findings of (Shaw et al., 2009) . What about the anomalous times when waves did form in winter? These times (for instance around the first Fig. 9 . Detail of the bottom topography near mooring L1 (red dot) based on a ship survey (white line) conducted from the Research Vessel OCEAN RESEARCHER 1. The seamount pictured is located in the gap between Batan and Itabayat Island (Fig. 1) . Contours outside the sampling pattern have been extrapolated and have low confidence.
of February) can in fact be rigorously correlated with brief re-stratification events, which can be attributed to warm spells and passing mesoscale eddies. Thus it is difficult, but not impossible, for NIWs to form in winter.
Currents at L1
So far this paper has focused on describing the wave arrivals at various points as they propagate WNW across the South China Sea. Attention is now focused on the currents, temperature, and pressure observed at mooring L1 in the Luzon Strait, and how these fluctuations might be related to the features ultimately observed far downstream. To properly interpret these observations, a more detailed view of the mooring location relative to abrupt topography is needed. The mooring was located on a steep slope on the side of a seamount rising from 1000 m to less than 300 m in the gap between Batan and Itbayat Island (Figs. 1, 9 ). This gap was chosen for the observations because: 1) Ray tracing from the other moorings points to this location as the source; and 2) numerical models show this location to be one of the areas with maximal barotropic to baroclinic tidal energy conversion (Niwa and Hibiya, 2004) . For reasons still unclear, the range of the 300 kHz ADCP was nominally 70 m, sometimes even less, rather than the usual 110 m. The instrument's automatic gain control and correlation magnitude indicate the instrument was receiving no signal beyond this range. This would suggest extraordinarily clear water in the area with no scatterers. The CTD fluorometer showed no chlorophyll below 200 m. Unfortunately a beam transmissometer was not deployed. The result of the limited range of the instrument was that the volume sampled was all well below the summit of the seamount, and represents a small fraction (15%) of the water column near the bottom.
The time series plot for the u-component, v-component, and total speed at 420 m depth, 44 m off the bottom shows a variety of interesting and unusual features (Fig. 10) . This depth was chosen because it was out of the bottom boundary layer yet still within the range where a good signal to noise ratio was obtained. This record is in fact representative of all the data and closely resembles the vertically averaged flow. The currents through the strait were almost entirely tidal, with an extreme spring/neap envelope: the spring tides approached 200 cm s −1 and the neap tides were less than 50 cm s −1 . Since other authors (Ye and Robinson, 1983; Mazzega and Berge, 1994) have demonstrated that both the diurnal and semidiurnal tides propagate westward from the Pacific to the SCS, the westward tidal flow in the Luzon Strait is subsequently referred to as the flood tide and the flow towards the Pacific as the ebb. The tides were highly asymmetric with much stronger ebb tides than flood tides. The lack of flow towards the south was a rather obvious topographic constraint (see Fig. 9 ) but the cause of the asymmetry in the east-west flow was less obvious. We speculate this may be due to the orientation of the Batan Islands which tend to funnel water coming from the west but divert it when coming from the east. Thus, this asymmetry may be a local feature and not necessarily representative of the tides in the Luzon Strait in general. The mean currents, which appear to be a tidal residual, were 16.1 and 3.7 cm s −1 in the east and north direction respectively. This may also represent clockwise tidal rectification around the seamount (Loder et al., 1997; Lee and Beardsley, 1999; H. Simmons, personal communication, 2009 ). There was no sign of the Kuroshio flowing through this passage at any time. The CTD data and personal shipboard observations showed the Kuroshio to be flowing northward over the western ridge, i.e., it loops around the central Batan Islands (Centurioni and Niiler, 2004; Liang et al., 2008) . Also shown across the top of the plot are the times of the new and full moon (Fig. 10) . Correlation of the lunar cycle with the currents in the strait shows that spring tides were not phase locked to the lunar cycle. A rigorous tidal analysis (Table 2) shows that this was because the fortnightly beat resulted from the interplay of the M2, K1, O1, and much weaker S2 tidal constituents, rather than just the M2 and S2 as is more commonly observed. The tides could be categorized as mixed, diurnal dominant, and were diurnal near spring tide and semidiurnal at neap tide.
The tidal structure can be seen in much greater detail if a single fortnightly cycle is expanded showing all the data (Fig. 11) . The tides were semidiurnal from 17 to 21 May becoming diurnal on 24-28 May. The tides look remarkably uniform, but with no data from the upper water column one cannot say definitively if these plots represent barotropic or baroclinic flow. Correlations between the vertically averaged east-west component with the tidal height at Basco were visually identical with a normalized cross-correlation coefficient of 0.88. This strongly suggests that the observed high tide was coherent with flood tide at L1, i.e. mostly barotropic. Furthermore, the vertically-averaged currents at L1 were used to calculate fifty-one tidal constituents, which were used to reconstruct the tide and project it into the future for comparison with another mooring during AprilJuly 2007 which had data from the upper water column. The phases of the currents were precisely aligned, again suggesting that the L1 mooring was observing mostly the barotropic tide.
There was a temporal asymmetry in the flow as well, especially at spring tide: a typical pattern, evident in Fig. 11a and expanded for 25 May in the lower panel (Fig. 11d) , consisted of a strong eastward flow (red) from 04:00 to 10:00, followed by eleven hours of dead water from 11:00 to 22:00, followed by a shorter, weaker westward flow from 23:00 to 02:00. This unusual pattern was repeated near spring tide throughout the record. The strong tides pumped cold water up the flank of the seamount, especially on the stronger ebb tide (Fig. 11c) . Nearby CTD stations show that the ambient depth of the 6 • C water that appeared for instance at 07:30 on 25 May was about 650 m. The tide thus forced a vertical excursion of order 200 m in the local isotherms as it pumped back and forth across the seamount.
To investigate whether any NIWs were formed immediately in the strait, the data were high-pass filtered with a cut-off period of 5 h. Two different filtering techniques were compared; an inverse spectral truncation filter, and subtracting off the mean value and the tide as computed using harmonic analysis (Foreman, 1978; Pawlowicz et al., 2002) . This was done to ensure that the filtering technique was not introducing any spurious ringing or side lobes. The results were virtually identical and an example is shown for the month of July 2005 (Fig. 12) . The strait was rife with high frequency internal wave motions which occasionally took on the appearance of more organized structures. During 22-25 July soliton-like structures extended well beyond the background noise in the u-component with westward velocities between 50-100 cm s −1 (Fig. 12a ). This appears to be a fortunate time when the 15-min velocity sampling scheme caught the peak velocities in the disturbance. Similar features were also captured occasionally in the v-component as for instance on 3, 6, and 8-10 July (Fig. 12b) . The vertical velocity, while still noisy, showed fluctuations with increased amplitude quite regularly with a diurnal period, centered on the time of the spring tides (7 and 21 July). These fluctuations exceeded the background noise and were of order plus or minus 15-20 cm s −1 . The cleanest signal was in the pressure record from just below the top sphere at 410 m depth (Fig. 12d) . These pressure fluctuations were due to mooring blow-down and are thus a proxy for velocity, but sampled at 3-min intervals rather than 15. The pressure record was not aliased by internal waves and captured all the high frequency events. It appears that random fields of internal waves did not push down the mooring, which only responded to the more vertically coherent structures. Below a certain threshold, the mooring did not respond at all, resulting in a very clear visual indicator of the time when coherent high frequency motions occurred. These signals were observed clustered around the time of the spring tide throughout the entire year. Their distinctive shape was tractable between moorings and allowed considerable information regarding wave generation to be gained.
Discussion
Relating downstream waves to the L1 tides
The high-passed pressure fluctuations from all the moorings plotted together show how the waves evolved as they propagated WNW across the sea (Fig. 13) . As the waves propagated, the central peak in the pressure fluctuation grew larger and the side lobes became smaller until only a single downward spike remained at S7. This downward pressure spike was perfectly correlated with the waveinduced velocity and temperature fluctuations. The travel times computed using this method are identical to the statistical mean (Fig. 5 ) from B1 to S7 and within 2 cm s −1 from B2 to B1. The waves required 33.1 h to propagate from L1 to B1, and 50.3 h (2.1 days) to travel from L1 to S7. This is much less than the 3.7 days estimated using continental slope data alone . Those authors had no data from the deep basin and did not appreciate how much faster the waves travel there. It is also 7.3 h faster than the 57.6 h estimated by comparing the ASIAEX data set against model currents at Luzon, using historical CTD data to estimate the stratification and mode speeds along the path (Zhou and Alford, 2006 ). These precise estimates of the travel time make it possible to rigorously correlate wave arrivals at B1 with a specific tidal beat in the Luzon Strait, using observations only. A representative example for the month of August 2005 (Fig. 14) shows the wave arrivals at B1 lagged back by 33 h, plotted over the L1 tide, which was reconstructed using the full suite of tidal constituents from the Foreman analysis. The lagged a-wave arrivals at B1 line up precisely with the peak ebb tide at L1 (Fig. 14, dotted lines) . This result is consistent with the NLIWI 2007 data (Alford et al., 2009) but contrasts with earlier work that suggested that the waves were formed on the flood tide (Zhao and Alford, 2006) . This is easy to understand given that the ZA06 estimate of the travel time (57 vs. 50 h) was off by half a semidiurnal tidal cycle. Figure 14 (bottom panel) also shows the high frequency pressure fluctuations described above. These fluctuations formed only on peak ebb tide and only when the current speed exceeded 71 cm s −1 . Outside of this envelope, no S. R. Ramp et al.: NIW climate a-waves were observed at mooring B1. This 71 cm s −1 threshold was consistent across all the data obtained, and suggests that a critical speed in the strait is necessary for these high-frequency fluctuations and downstream NIWs to form. This argument would be more correctly cast in terms of a Froude number (U/c 1 ), but unfortunately the stratification data needed to estimate the mode-1 free wave speed (c 1 ) for the water column at L1 was not obtained during this experiment. Quantitatively relating wave formation to the Froude number in the strait remains a subject of future research.
On the other hand, the b-waves at B1 were aligned perfectly with the flood tide at L1, and were not associated with a local high-frequency pressure fluctuation in the strait (Fig. 14, dashed lines) . This contrasts with earlier authors who thought the b-waves formed on the weaker beat of the ebb tide, and took longer in both space and time to steepen due to the lower Froude number on formation Zhang, 2010) . The different timing, the weaker flood tides, the lack of an associated high-frequency pressure fluctuation for the b-waves, and the different packet structure downstream all suggest different generation mechanisms or perhaps even different generation locations for the a-waves and b-waves. These ideas may be illuminated by recent theory, and this is taken up in the next section.
Comparisons with the SUNTANS model
In a companion paper (Zhang et al., 2010) hereafter referred to at ZFR10, the parallel, unstructured grid, nonhydrostatic ocean model SUNTANS (Fringer, 2006) was used to simulate the wave generation process during 17-30 June 2005 for comparison with the WISE/VANS observed results. The model used a variable grid with 1-4 km resolution, 100 vertical layers, and an 11-s time step, and required 7 days of wall-clock time to perform the 14-day simulation. The model provides some insight into the three-dimensional variability which is not available from a two-dimensional observational transect. ZFR10 found two important generation sites in the Luzon Strait, one near L1 between Batan and Itbayat Island, and another further south on the eastern ridge near 19 • 30 N, 122 • 00 E. In the model, both sites generated both a-and b-waves, but the northern site (near L1) was more efficient for b-waves and the southern site better for a-waves. The difference lies in the topography: The bottom slope is closer to critical for the semidiurnal tide at the northern site and for the diurnal tide at the southern site. Tidal resonance at the M2 frequency between the two ridges at the northern site also enhances the b-wave formation there. As a result of the two locations, the a-waves (282 • ) propagate more northerly than the b-waves (267 • ). The model also shows that the a-waves originate on the ebb tide and the b-waves at the flood tide. In a closely related work, the SUNTANS model also shows that downstream evolution of the nonlinear internal waves in both space and time is a close function of the Froude number at generation (Zhang, 2010) . Larger waves appear sooner and closer to the source when the Froude number at the source is large. When the barotropic tide, and thus the Froude number, falls below a certain value, no waves are formed. These model results are all in good qualitative agreement with the observational results reported here. Additional more focused field programs are needed to make more quantitative comparisons.
The actual generation mechanisms remain a bit less clear. ZFR10 show that the a-waves result from the generation of diurnal internal tidal beams at critical topography, especially in the southern portion of the eastern ridge, where the west ridge is quite deep and effectively absent. The situation for the b-waves is less obvious, as it is confused by the complicated resonant region between the two ridges where standing waves and higher mode internal waves may exist. The SUNTANS model produces weaker tidal beams for the b-waves in this region. ZFR10 hypothesize that the b-waves are tidally generated during peak flood tides in a manner similar to (Buijsman et al., 2010) .
A confusing point remains as to why high frequency fluctuations which are easily trackable in the in-situ current meter data from L1 to S7 are not observed in the satellite imagery until west of the west ridge (e.g. Jackson, 2010) . This seems consistent with b-wave formation via beam-forming and nonlinear steepening (Shaw et al., 2009; Zhang, 2010; Buijsman et al., 2010a, b) but inconsistent with the observed a-waves which had an associated highfrequency signature immediately in the strait. The a-wave formation seems consistent with a lee wave mechanism, although the observations on the Pacific side of the strait are insufficient to show this. We suggest that east of 120 • 30 E, the waves are likely too weakly nonlinear for their orbital velocities to reach the surface and create signatures that can be detected by MODIS or a SAR. The waves near mooring B2 were only weakly nonlinear, with orbital velocities less than 50 cm s −1 and propagation speeds exceeding 320 cm s −1 . This combination of a very fast-moving wave with relatively weak orbital velocities is unfavorable for surface slick formation. Further to the west at S7 and B1, the waves slow down and the orbital velocities speed up, until on the upper continental slope (ASIAEX moorings S7 to S5, Ramp et al., 2004) the two are about equal at 150 cm s −1 . These conditions seem ideal to form surface convergences and divergences and very strong slicks and bands of breaking waves, which are easily detectable by satellite. Waves formed near the bottom in 735 m of water (sill depth) require a finite distance to travel along ray paths before they strike the surface and manifest themselves there. This distance also corresponds roughly to 120 • 30 E. Another possibility is that the observed high frequency fluctuations at the time of a-wave generation are actually smaller-scale features associated with the flow over a seamount, and do not contribute to the basin-wide phenomenon. In this case it would just be coincidence that these features appeared at same time as the a-wave generation.
Conclusions
Moored observations of temperature, salinity, and velocity were obtained at 1-5 min intervals from April 2005-June 2006 to resolve the seasonal variability of the nonlinear internal wave field in the northeastern South China Sea. Three moorings spanned the sea, with two in the deep basin and one on the upper continental slope. A fourth mooring in the Luzon Strait, designed primarily to document the barotropic tide, sampled velocity at 15-min intervals and T, S, and P at three-minute intervals. Hydrographic (CTD) transects along the mooring line were obtained on all five cruises to document seasonal changes to the stratification along the wave propagation path.
On the upper slope, two types of waves, called awaves and b-waves, were observed in keeping with earlier work. The a-waves arrived diurnally and consisted of rankordered packets, while the b-waves arrived an hour later each day and usually had a single large wave extending from the middle of a group of smaller waves. While the b-waves appeared to track the semidiurnal tide, they appeared just once per day. Both wave types traveled WNW at mooring S7 and were in all respects similar to the same location during the ASIAEX experiment. The awaves were also present further "upstream" at B1 and were easily traceable between moorings. The b-waves however were much weaker or absent entirely at mooring B1 and only became fully developed at S7. Very large amplitude waves were formed year-round except during DecemberFebruary when almost no waves were observed. Continuing further towards the source, both wave types at mooring B2 more closely resembled highly nonlinear internal tides than high-frequency internal waves. Still, these distinctive wave forms could in most cases be followed between the basin moorings to estimate propagation speeds. The propagation speeds were first and foremost a function of the total water depth, and secondarily functions of stratification and nonlinear wave amplitude. The waves on average travelled at 323±31 cm s −1 between B2 and B1, and at 222±18 cm s −1 between B1 and S7, which was about 10-20% faster than the linear mode-1 internal wave speed based on the observed stratification. The waves traveled towards 282 • for the bwaves and 288 • for the a-waves.
Most of the variability in the wave arrival patterns at the moorings was directly attributable to variability in the barotropic tidal currents in the Luzon Strait. The tides were mixed diurnal dominant, with a strong diurnal inequality that produced nearly diurnal tides at spring tide and semidiurnal at neap. The fortnightly beat in the strait was very large ranging from <50 cm s −1 at neap tide to >200 cm s −1 at spring tide. Nonlinear internal waves were only generated within plus or minus about 4 days of spring tide and were absent otherwise. The cutoff was very sharp, i.e. transitioning from no waves to huge waves in a single tidal cycle with no intermediate-sized waves being formed. This suggests some critical value in the strait which must be exceeded for NIWs to form. Using a thirtythree hour propagation time between moorings L1 and B1 shows that the a-waves were generated on the much stronger ebb tide while the b-waves corresponded to the weaker flood tide. The ebb tide also generated high-frequency fluctuations in velocity and pressure immediately in the strait while the flood tide did not. The absence of waves in the winter is attributed to changes in the stratification along the propagation path, with the deeper surface mixed layer and weaker upper ocean stratification suppressing wave formation in the winter.
Comparison of the observations with contemporary theory suggests that beam formation on the diurnal ebb tide and nonlinear steepening of the weaker flood tide, combined with M2 resonance with the western ridge, are the most likely formation mechanisms.
The SUNTANS model produced waves whose phasing, speed, and direction are all qualitatively consistent with the observations. Multiple sources on the eastern ridge can explain the observed difference in propagation direction between the a-waves and the b-waves. Still, given the multitude of spatial scales present in the strait, the suddenness with which the transition from the no-waves to waves state takes place, and the immediate formation of high-frequency fluctuations on the peak ebb tide, the formation of lee waves cannot be ruled out. Clearly some additional field observations focused on the generation region are warranted to establish the relative importance of the various generation mechanisms.
